Phase-change materials exhibit reversible phase transitions between amorphous and crystalline states, accompanied by large changes in the materials' optical and electrical properties. The reversible changes in the material properties led to the development and the recent commercialization of the phase-change memory (PCM) devices.
1 Long before the PCM devices had been widely studied, phase-change materials made rewritable optical data storage media possible in 1990s. 2 Optical data storage uses laser-induced heating to change the material's phase, hence the optical properties. More recently, the modulation of the optical properties of the phase change materials have been exploited for a variety of photonics applications, such as tunable light absorber/filter surfaces in the visible 3 and infrared [4] [5] [6] regions using plasmonic structures, active chiral plasmonics, 7 all-optical computing, 8 integrated all-photonic non-volatile memory, 9 maskless photolithography, 10 tunable bolometer pixels, 11 color pixels, 12,13 enhanced optical data storage, 14 reversible surface phononpolaritons resonators, 15 and active control of surface plasmon waveguides. 16 Here, we further extend this application list by demonstrating the use of GST thin films for thermally-tunable, ultrasensitive infrared absorption spectroscopy platforms.
Infrared absorption spectroscopy is a widely used characterization method that reveals the molecular structure of materials through absorption of the incident infrared light at certain wavelengths. Such absorption wavelengths are determined by the molecular vibration modes;
and the absorption magnitudes (signals) scale with the electric field intensity at the molecular vicinity and the volume of the probe material interacting with the infrared light. To enhance the absorption signal for a small amount of probe material, such as nanometers thick films, attenuated total internal reflection (ATR) 17 and grazing angle 18 methods are commonly used.
The ATR method requires the probe material making contact with a high refractive index crystal in which the infrared light travels and interacts with the material by multiple internal reflections. The grazing angle method exploits the field enhancement on a metal mirror at extreme angles of incidence. Hence both methods require laborious sample preparations and special optical apparatuses to send and collect infrared light. Whereas it is also possible to achieve field enhancement by structural changes of the detection media, without requiring complex optical setups. In the last decade, developments in nanofabrication and plasmonics yielded extreme field-intensity enhancements (up to 10 5 -fold) on nanopatterned surfaces, enabling a new technique called surface enhanced infrared absorption spectroscopy (SEIRA).
SEIRA has been utilized for detecting ultrathin probe materials such as poly(methyl methacrylate) (PMMA), 19 monolayers of octadecanthiol (ODT) 20, 21 and protein molecules. 22, 23 The field intensities on such surfaces, however, are enhanced only for a narrow spectral band that can only be tuned either by changing the design of the plasmonic structures 23 or using electrostatically-tunable materials like graphene. 24 Here, we use GST to demonstrate thermally-tunable infrared absorption spectroscopy platforms based on the uniform field enhancement. It has been recently demonstrated that the uniform field-enhancement surfaces offer an easy and low-cost fabrication route for enhanced absorption in the infrared using thin metal films 25 , graphene 26 , and ultrathin chemical and biological films 27 as the absorber layer.
To generate the uniform field enhancement, we fabricate surfaces that consist of two continuous layers: the dielectric film and the metal mirror. The incident and reflected rays from the dielectric-metal interface constructively interfere on the dielectric surface, when the wavelength (λ) is equal to ~4nt, where n and t are the refractive index and the thickness of the dielectric layer. The primary reflected ray from the air-dielectric interface, however, is 180 degrees out of phase with respect to the incident ray, thus causing a partial destructive interference and reducing the electric field intensity at the air-dielectric interface ( Figure S1 ).
When a thin GST film is used as the dielectric layer, the field intensity enhancement factor is calculated as ~3.6, being 10% lower than the theoretical maximum of 4 that can be achieved when air is used as the dielectric layer. As for the metal mirror layer, Al is preferred over Ag and Au due to its abundance, low-cost and high reflectance in the infrared. Optical simulations verify the effect of phase change and compare the GST/Al platforms to a simple uniform-field platform: CaF 2 substrate with a field intensity enhancement factor of 0.7 on the substrate surface ( Figure 1a) . A 10 nm thick PMMA layer is used as the probe material for this study owing to its large number of absorption bands ranging from 3000 to 1000 cm -1 (λ= 3.3 to 10 µm). CaF 2 substrates are transparent in the infrared and can provide large absorption signals for large amount (µm-thick) of probe materials. 28 For a 10-nm-thick PMMA film, however, the absorption signals are calculated to be less than 1%. Specifically, The electric field on the CaF 2 substrate is determined by the interference of the incident ray and the reflected ray from the surface. Since the partial reflection is out of phase with respect to the incident light and no other in-phase secondary reflections are present, the total electric field intensity becomes smaller than the incident field intensity (|E| 2 /|E 0 | 2 >0.7). Despite the modest electric field intensities, CaF 2 substrates are commonly used for infrared absorption spectroscopy due to the spatial and spectral uniformity of the electric field intensity on the surfaces (Figure 2a) . Whereas, on aGST/Al surface, the field intensity enhancement factor is above unity for a wide range of wavelength (2.7-5 µm). Furthermore, the field enhancement is not just limited to the surface, but extends hundreds of nanometers above (Figure 2b) . The large extent of field enhancement offers greater absorption signals for larger amount of probe materials ( Figure S3 ), in contrast to the plasmonic surfaces on which the field enhancement typically decays within 100 nm above the surface. 29 The field intensity enhancement band for crystalline GST (cGST)/Al surface shows a redshift to 4.5-6 µm range owing to the larger real refractive index of cGST (n= 6-7) in the infrared. The maximum enhancement factor, however, reduces to 1.8 due the non-zero extinction coefficient (Figure 2c ). Figure S4 shows the optical properties of aGST and cGST used for the simulations. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Reflection Measurements
The lossy nature of cGST leads to strong absorption of the IR light as observed on the measured reflection spectra of bare GST/Al surfaces (Figure 3 ). On the other hand, aGST is a lossless dielectric beyond λ=1.5 µm, thus the absorption by the aGST/Al surface is weaker in the infrared. For wavelengths smaller than 1.5 µm, aGST is also a lossy dielectric which can generate bright colors when coated on metals as a result of spectrally selective strong absorption in the visible regime.
13,14 The electric field enhancement bands shown in Figure 2 and the observed reflection minimums are closely related, as the field enhancement increases 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 is used, amorphous to crystalline area ratio can also be gradually changed instead of a complete crystallization resulting in a mixed optical response ( Figure S6 ). The reflection spectra of the bare GST/Al surfaces in Figure 3 show no parasitic vibrational absorption signals except low levels of absorption by CO 2 and water vapor at ~4.3 µm (~2300 cm -1 ) and ~3 µm (~3300 cm -1 ), respectively. The clear reflection spectra of the bare surfaces help spotting the tiny changes on the reflection spectra due to the vibrational absorption of atop probe materials. The almost perfect absorption of the infrared light observed for the crystalline films also enables thickness-tunable thermal radiation ( Figure S7 ). , respectively. The PMMA absorption bands are observed as narrow dips on the reflection spectra (Figure 4a ). The magnitudes of the PMMA absorption can be quantified after subtracting the backgrounds (Figure 4b) . The background signals are generated by smoothing the reflection curves ( Figure S8 ). Using such a method to The measured absorption signal for Amide I band is larger than the values (3-4%) reported for the plasmonic surfaces. 22, 23 BSA sensing measurements are repeated using Al foils as the mirror layer and as well as the substrate ( Figure S11 ). Despite the lower absorption signals, the results are promising for development of bendable, inexpensive and disposable platforms using uniform field enhancement on GST covered flexible substrates. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 
Conclusions
In conclusion, we propose thin phase-changing GST films on Al mirrors as thermally tunable, ultrasensitive IR absorption spectroscopy platforms. The absorption enhancement is achieved by enhancing the electric field intensity by a factor of 3.5 on the surface. Crystallization of the GST layer redshifts the enhancement band owing to the higher refractive index of cGST while reducing the maximum field enhancement factor due to lossy nature of cGST. The enhanced absorption signals are observed to be larger than most of the reports on surfaces using plasmonic field enhancement. The GST surfaces, especially in amorphous phase, sense the monolayers of ODT and BSA molecules with vibrational absorption signals comparable or larger than previous reports using plasmonic surfaces. The demonstrated surfaces have the potential for widespread usage for infrared absorption spectroscopy of ultrathin materials owing to easy, patternless, low-cost, and large-area fabrication of the surfaces, and also the ability to tune the field-enhancement band by phase change.
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